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1
PACKAGES FOR ADVANCED ANTENNA
SYSTEMS

RELATED APPLICATIONS

This application claims the benefit of provisional patent
application Ser. No. 62/886,044, filed Aug. 13, 2019, the
disclosure of which is hereby incorporated herein by refer-
ence in its entirety.

FIELD OF THE DISCLOSURE

The present disclosure relates to packages for advanced
antenna systems, and particularly to system-in-package
devices for advanced antenna systems and related methods.

BACKGROUND

Wireless communication networks have continued to
evolve in order to keep up with ever increasing data trans-
mission demands of modern technology. With each new
generation of cellular network technology, higher integra-
tion and smaller device sizes are needed to provide
improved data capacity, connectivity, and coverage.
Advanced cellular networks, including fifth generation (5G)
and beyond, seek to leverage a broader range of frequency
bands and power levels to deliver improved speed and
efficiency of data transmissions with lower latency. 5G
technology may be implemented in an overlaying manner
with existing cellular networks to meet data transmission
demands for advanced applications. Innovations enabled by
5G may include massive internet of things devices for
machine-to-machine communications, mission critical ser-
vices, and enhanced mobile broadband (eMBB). Mission
critical services may include autonomous driving, autono-
mous mass transit systems, industrial automation, remote
healthcare, and smart grid monitoring and control. Applica-
tions related to eMBB may enable densification of mobile
networks, fixed wireless access, augmented reality, virtual
reality, and gaming among others.

As advanced cellular networks expand into the millimeter
wave spectrum, infrastructure challenges exist to implement
such higher frequency ranges within existing cellular net-
work footprints. These demands continually raise the com-
plexity of wireless devices and systems and there is a
constant need for performance improvements. As advance-
ments in modern wireless technology progress, the art
continues to seek improved devices and systems capable of
overcoming such challenges.

SUMMARY

The present disclosure relates to packages for advanced
antenna systems, and particularly to system-in-package
(SiP) devices for advanced antenna systems and related
methods. Devices are disclosed that include power ampli-
fiers and controllers such as beamformer integrated circuits
that are integrated together into SiP device arrangements.
Packaging and thermal management configurations are dis-
closed that allow a plurality of power amplifiers and a
beamformer integrated circuit to operate efficiently while in
close proximity to one another. In certain embodiments, heat
spreaders are disclosed that are incorporated within SiP
devices and exposed at top surfaces of the SiP devices to
effectively dissipate heat. Heat spreaders may be provided as
part of a lead frame that allows multiple SiP devices to be
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2

uniformly assembled with dimensions sized for high fre-
quency applications, including millimeter wave operation.

In one aspect, a SiP device comprises: a substrate com-
prising a first face and a second face that opposes the first
face; a controller comprising a beamformer integrated cir-
cuit, the controller mounted on the first face of the substrate;
a plurality of amplifiers mounted on the first face of the
substrate and electrically coupled to the controller; and a
heat spreader arranged over the controller and the plurality
of amplifiers. In certain embodiments, the heat spreader
forms a continuous piece of material that covers the con-
troller and the plurality of amplifiers. The heat spreader may
comprise one or more of copper, silicon carbide, or alumi-
num. In certain embodiments, a thermal interface material is
arranged between the heat spreader and one or more of the
controller and the plurality of amplifiers. In certain embodi-
ments, the SiP device further comprises an overmold on the
substrate and around lateral edges of the heat spreader. In
certain embodiments, at least a portion of the heat spreader
is uncovered by the overmold. In certain embodiments, the
heat spreader and the overmold are coplanar along a top
surface of the SiP device. In certain embodiments, the heat
spreader forms a recess within the heat spreader and the
recess is registered with the controller. In certain embodi-
ments, the beamformer integrated circuit comprises a sili-
con-based complementary  metal-oxide-semiconductor
(CMOS) device and the plurality of amplifiers comprises
gallium arsenide (GaAs) based devices. In certain embodi-
ments, the beamformer integrated circuit comprises a hybrid
beamformer device. In certain embodiments, a length and
width of the SiP device are sized less than a wavelength of
a 40 GHz signal. In certain embodiments, a gap formed
between the controller and each amplifier of the plurality of
amplifiers on the substrate is no more than 500 microns.

In another aspect, an active antenna system comprises: an
antenna board comprising a first face and a second face that
opposes the first face; a plurality of antennas on the first face
of the antenna board; and a plurality of SiP devices on the
second face of the antenna board, wherein each SiP device
of the plurality of SiP devices comprises a beamformer
integrated circuit, a plurality of amplifiers, and a heat
spreader and each SiP device of the plurality SiP devices is
electrically coupled with one or more antennas of the
plurality of antennas. In certain embodiments, each SiP
device of the plurality of SiP devices is electrically coupled
with the one or more antennas of the plurality of antennas by
feed lines that extend through the antenna board. In certain
embodiments, each SiP device of the plurality of SiP devices
is electrically coupled with at least two antennas of the
plurality of antennas. In certain embodiments, all lateral
edges of at least one SiP device of the plurality of SiP
devices are nonparallel with all lateral edges of the antenna
board. In certain embodiments, the active antenna system
further comprises a housing wherein the antenna board is
mounted to the housing such that the heat spreader of each
SiP device is arranged closer to the housing than the antenna
board. In certain embodiments, the beamformer integrated
circuit comprises a silicon-based complementary metal-
oxide-semiconductor (CMOS) device and the plurality of
amplifiers comprises gallium arsenide (GaAs) based
devices.

In another aspect, a method comprises: providing a sub-
strate comprising a first face and a second face that opposes
the first face; mounting a plurality of electronic devices on
the first face of the substrate; depositing a thermal interface
material over the plurality of electronic devices; pressing a
heat spreader against the thermal interface material to com-
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press the thermal interface material against the plurality of
electronic devices; and curing the thermal interface material
while the heat spreader is pressed against the thermal
interface material. In certain embodiments, the plurality of
electronic devices comprise a beamformer integrated circuit
and a plurality of amplifiers. In certain embodiments, the
method further comprises etching at least one recess in the
heat spreader wherein pressing the heat spreader against the
thermal interface material comprises registering the recess
with at least one electronic device of the plurality of elec-
tronic devices. In certain embodiments, the method further
comprises applying and curing an overmold on the substrate
and around lateral edges of the heat spreader such that a
portion of the heat spreader is exposed through the over-
mold. In certain embodiments, the heat spreader is part of a
lead frame that includes a plurality of heat spreaders and the
overmold is applied and cured around the plurality of heat
spreaders.

In another aspect, any of the foregoing aspects, and/or
various separate aspects and features as described herein,
may be combined for additional advantage. Any of the
various features and elements as disclosed herein may be
combined with one or more other disclosed features and
elements unless indicated to the contrary herein.

Those skilled in the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
reading the following detailed description of the preferred
embodiments in association with the accompanying drawing
figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated in and
forming a part of this specification illustrate several aspects
of the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1A is a topside exploded perspective view of a
system-in-package (SiP) device according to embodiments
disclosed herein.

FIG. 1B is a backside exploded perspective view of the
SiP device of FIG. 1A according to embodiments disclosed
herein.

FIG. 1C is a topside perspective view of the assembled
SiP device of FIG. 1A according to embodiments disclosed
herein.

FIG. 2 is a generalized cross-sectional illustration of a SiP
device similar to FIG. 1A.

FIG. 3A and FIG. 3B are perspective view illustrations of
a fixture or tool for compressing and curing thermal inter-
face material according to embodiments disclosed herein.

FIG. 3C is a top view of the substrate of FIGS. 3A and 3B
after removal from the fixture or tool of FIG. 3B.

FIG. 4 is a top view of a layout arrangement for a
controller and a plurality of amplifiers for the SiP device of
FIG. 1A.

FIG. 5A is a topside view of an active antenna system
according to embodiment disclosed herein.

FIG. 5B is a backside view of the active antenna system
of FIG. 5A.

FIG. 6A is a perspective view of an antenna fixture that
includes the active antenna system of FIG. 5A.

FIG. 6B is a partial cross-sectional illustration represent-
ing a mounting arrangement of a SiP device on an antenna
fixture that is similar to FIG. 6A.
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FIG. 7A a top view of an active antenna system that
includes an alternative mounting arrangement for SiP
devices compared with the active antenna system of FIGS.
5A and 5B.

FIG. 7B is a bottom view of the active antenna system of
FIG. 7A.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
embodiments and illustrate the best mode of practicing the
embodiments. Upon reading the following description in
light of the accompanying drawing figures, those skilled in
the art will understand the concepts of the disclosure and
will recognize applications of these concepts not particularly
addressed herein. It should be understood that these con-
cepts and applications fall within the scope of the disclosure
and the accompanying claims.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first
element, without departing from the scope of the present
disclosure. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

It will be understood that when an element such as a layer,
region, or substrate is referred to as being “on” or extending
“onto” another element, it can be directly on or extend
directly onto the other element or intervening elements may
also be present. In contrast, when an element is referred to
as being “directly on” or extending “directly onto” another
element, there are no intervening elements present. Like-
wise, it will be understood that when an element such as a
layer, region, or substrate is referred to as being “over” or
extending “over” another element, it can be directly over or
extend directly over the other element or intervening ele-
ments may also be present. In contrast, when an element is
referred to as being “directly over” or extending “directly
over” another element, there are no intervening elements
present. It will also be understood that when an element is
referred to as being “connected” or “coupled” to another
element, it can be directly connected or coupled to the other
element or intervening elements may be present. In contrast,
when an element is referred to as being “directly connected”
or “directly coupled” to another element, there are no
intervening elements present.

Relative terms such as “below” or “above” or “upper” or
“lower” or “horizontal” or “vertical” may be used herein to
describe a relationship of one element, layer, or region to
another element, layer, or region as illustrated in the Figures.
It will be understood that these terms and those discussed
above are intended to encompass different orientations of the
device in addition to the orientation depicted in the Figures.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the disclosure. As used herein, the singular forms
“a,” “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises,” “compris-
ing,” “includes,” and/or “including” when used herein
specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not pre-
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clude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or
groups thereof.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this disclosure belongs. It will be further understood
that terms used herein should be interpreted as having a
meaning that is consistent with their meaning in the context
of this specification and the relevant art and will not be
interpreted in an idealized or overly formal sense unless
expressly so defined herein.

Cellular networks continue to evolve to meet the ever
increasing demands of modern mobile communication. As
such, cellular networks, including fifth generation (5G) and
beyond, are being developed with increasing bandwidths
and expansion into the millimeter wave spectrum. As used
herein, the term “millimeter wave” or “millimeter band”
generally refers to a band of frequencies in the electromag-
netic spectrum from 30 to 300 gigahertz (GHz). Advanced
antenna systems are needed to keep up with evolving
cellular network requirements and may include massive
multiple-input and multiple-output (MIMO) and phased-
array antenna systems at cell towers for increased capacity.
Beamforming technology may be employed with such
antenna systems to limit interference and direct data streams
in targeted directions. At millimeter wave frequencies, lat-
tice spacing between phased-array antennas becomes small
(e.g., 3.75 mm for 39 GHz). In order to reduce feed losses,
power amplification and beamforming devices are required
that provide large amounts of power within form factors that
are scaled in a similar manner to the lattice spacing of
phased-array antennas. In this regard, devices and systems
required for 5G technology are becoming increasingly
smaller and more complex.

According to embodiments disclosed herein, devices are
disclosed that include power amplifiers and controllers such
as beamformer integrated circuits that are integrated
together into system-in-package (SiP) device arrangements.
Packaging and thermal management configurations are dis-
closed that allow a plurality of power amplifiers and a
beamformer integrated circuit to operate efficiently while in
close proximity to one another. In certain embodiments, heat
spreaders are disclosed that are incorporated within SiP
devices and exposed at top surfaces of the SiP devices to
effectively dissipate heat. Heat spreaders may be provided as
part of a lead frame that allows multiple SiP devices to be
uniformly assembled with dimensions sized for high fre-
quency applications, including millimeter wave operation.

As used herein, the term “SiP device” generally refers to
a number of integrated circuits of different functions that are
incorporated into a single package. A SiP device may also be
referred to as one or more of a SiP module, a SiP chip, a SiP
die, or a SiP component in various applications. In certain
embodiments disclosed herein, a SiP device includes a
plurality of amplifiers, or power amplifiers, that include one
or more Group III-V semiconductor materials such as gal-
lium arsenide (GaAs) and gallium nitride (GaN) based
devices. SiP devices may also include a controller integrated
circuit that includes a beamformer integrated circuit. In
certain embodiments, a beamformer integrated circuit may
be configured as one or more of an analog beamformer in the
radio frequency (RF) domain, a digital beamformer in
baseband, or a hybrid beamformer device that includes a
combination of analog and digital beamformer circuitry.
Beamformer integrated circuits may also be referred to as
beamformers or beamformer chips in various applications.
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In certain embodiments, a beamformer integrated circuit
may include one or more of a silicon-based complementary
metal-oxide-semiconductor (CMOS) device, a silicon ger-
manium (SiGe) device, and circuitry thereof.

FIG. 1A is a topside exploded perspective view of a SiP
device 10 according to embodiments disclosed herein. The
SiP device 10 includes a substrate 12 that forms a first face
12' and a second face 12" that generally opposes the first face
12'. The substrate 12 may comprise a laminate material of
one or more alternating layers or sheets of conductive and
non-conductive materials with matched or similar coeffi-
cients of thermal expansion. The substrate 12 may provide
mechanical support and electrical connections such that the
SiP device 10 forms a ball grid array (BGA) package. In
certain embodiments, the substrate 12 may comprise a
printed circuit board that provides mechanical support and
electrical connections for the SiP device 10. A plurality of
amplifiers 14, such as power amplifiers and/or low noise
amplifiers, are mounted on the first face 12' such that the
plurality of amplifiers 14 are arranged around and in close
proximity to lateral edges of a controller 16. In certain
embodiments, the controller 16 comprises a beamformer
integrated circuit and is also mounted on the first face 12' of
the substrate 12. By arranging the plurality of amplifiers 14
and the controller 16 in close proximity to one another, the
SiP device 10 may be suitably sized for use with phased-
array antennas having small lattice spacing. The plurality of
amplifiers 14 and the controller 16 may be flip-chip mounted
to the substrate 12 such that electrical connections are made
without the use of wirebonds. Flip-chip mounting may allow
the plurality of amplifiers 14 and the controller 16 to be
spaced closer together and may also provide improved
signal fidelity in certain applications. In other embodiments,
one or more electronic devices may be mounted to the
substrate 12 with wirebonds for one or more electrical
connections.

As illustrated in FIG. 1A, a heat spreader 18 is arranged
over the controller 16 and the plurality of amplifiers 14. The
heat spreader 18 comprises a thermally conductive material
capable of dissipating heat generated by the closely spaced
amplifiers 14 and controller 16. In this regard, the heat
spreader 18 is positioned over and thermally coupled to the
amplifiers 14 and controller 16. The heat spreader 18 may
form a shape that corresponds to the layout of the amplifiers
14 and controller 16. In certain embodiments, the heat
spreader 18 is a continuous piece of material that covers the
amplifiers 14 and controller 16. In other embodiments, the
heat spreader 18 comprises multiple individual pieces that
collectively form the heat spreader 18. In certain embodi-
ments, the heat spreader 18 comprises a metal such as
copper (Cu), silicon carbide (SiC), Cu—Ni alloys, alumi-
num (Al), and Al alloys, among others. For high volume
manufacturing, the heat spreader 18 may initially be formed
as a part of a lead frame that includes a plurality of heat
spreaders 18 connected by tabs 18'. Such tabs 18' are usually
clipped or disconnected from one another to singulate indi-
vidual heat spreaders 18 after device assembly. In other
embodiments, the heat spreader 18 may comprise other
materials, such as thermally conductive ceramics and/or
plastics. When the heat spreader 18 is positioned within the
SiP device 10, a thermal interface material 20 may be
provided between the heat spreader 18 and one or more of
the amplifiers 14 and the controller 16 to reduce mechanical
stress and improve reliability. In certain embodiments, the
thermal interface material 20 comprises a thermally conduc-
tive silicone with a softness that acts to buffer mechanical
stress between the heat spreader 18 and the amplifiers 14 and
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the controller 16, although other materials are possible. The
SiP device 10 may further comprise an overmold 22 that is
arranged on the substrate 12 and around lateral edges of the
heat spreader 18 for mechanical support and protection. In
particular, the overmold 22 may be positioned to prevent
lift-off of the heat spreader 18, thereby securing mechanical
and thermal coupling between the heat spreader 18 and the
amplifiers 14 and the controller 16. The overmold 22 may
additionally be provided around and between the amplifiers
14 and the controller 16, such that the overmold 22 and the
heat spreader 18 enclose the amplifiers 14 and the controller
16 within the SiP device 10. In certain embodiments, the
overmold 22 comprises a material such as an epoxy, or a
silicone that may include silica or ceramic fillers to improve
strength and thermal conductivity. The overmold 22 forms
an opening 22' such that the portions of the heat spreader 18
are uncovered by the overmold 22 and fill the opening 22' in
order to allow heat dissipation though the heat spreader 18
from a topside of the SiP device 10.

FIG. 1B is a backside exploded perspective view of the
SiP device 10 of FIG. 1A according to embodiments dis-
closed herein. As illustrated, the heat spreader 18 forms a
recess 18" or a pocket that extends partially within the heat
spreader 18. In certain applications, electronic devices and/
or chips (e.g., the amplifiers 14 and the controller 16 of FIG.
1A) that are mounted on the substrate 12 may not have
uniform heights or thicknesses. As such, the recess 18" may
be arranged to be aligned or registered with one or more
electronic devices having the greatest heights from the
substrate 12. In FIG. 1B, the recess 18" is arranged to
correspond with the controller (16 of FIG. 1A) for embodi-
ments where the controller (16 of FIG. 1A) has a greater
height than the plurality of amplifiers (14 of FIG. 1A).
Accordingly, the heat spreader 18 may be arranged such that
the controller (16 of FIG. 1A) at least partially extends into
the recess 18" when assembled such that the controller (16
of FIG. 1A) is thermally coupled within the recess 18" and
the plurality of amplifiers (14 of FIG. 1A) are thermally
coupled with the heat spreader 18 outside of the recess 18".
The recess 18" may be formed by applying a selective
etching process to the heat spreader 18 such that the recess
18" extends partially within the heat spreader 18. In certain
applications, such an etching process may be referred to as
a half-etch or a half-etching process. While only one recess
18" is illustrated in FIG. 1B, the heat spreader 18 may form
multiple recesses 18" or a single recess 18" in a different
location, depending on the heights of various electronic
devices mounted on the substrate 12. In certain embodi-
ments, the recess 18" may be registered with one or more of
the amplifiers (14 of FIG. 1A). As such, the shape and
quantity of recesses formed in the heat spreader 18 may be
tailored to different configurations to improve thermal cou-
pling uniformity between electronic devices of different
sizes and shapes. As illustrated in FIG. 1B, a grid array of
solder balls 24 may be provided on the second face 12" of
the substrate 12 such that the SiP device 10 forms a BGA
package.

FIG. 1C is a topside perspective view of the assembled
SiP device 10 of FIG. 1A according to embodiments dis-
closed herein. By forming the heat spreader 18 and the
overmold 22 over the substrate 12 as described above, the
SiP device 10 is formed with a thin and flat profile that may
be sized for millimeter wave operation. In certain embodi-
ments, the SiP device 10 may form a length 10L, a width
10W, and a height 10H that are sized for use in 5G networks
with millimeter wave operation. In certain embodiments, the
length 10L. and width 10W may be sized less than the
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wavelength of a 40 GHz signal where the length 10L and the
width 10W are both sized at 7 mm or less while the height
is sized at 1 mm. For such small dimensions, the portion of
the heat spreader 18 that is exposed through the overmold 22
may provide an effective path for heat to dissipate away
from the substrate 12 during operation.

FIG. 2 is a generalized cross-sectional illustration of a SiP
device 10 similar to FIG. 1A. The substrate 12 may be
formed as a laminate structure with alternating conductive
layers 12C and dielectric layers 12D. The illustration of FIG.
2 is meant to be general in nature and the specific layer
arrangement of conductive layers 12C and dielectric layers
12D may vary depending on the application. For BGA
applications, the grid array of solder balls 24 is provided on
the second face 12" of the substrate 12 for mounting with
another surface. In FIG. 2, the controller 16 and the ampli-
fiers 14 are flip-chip mounted to the substrate 12 by way of
one or more electrical connectors 26-1, 26-2. In particular,
one or more first electrical connectors 26-1 are provided
between each amplifier 14 and the substrate 12 and one or
more second electrical connectors 26-2 are provided
between the controller 16 and the substrate 12. The electrical
connectors 26-1, 26-2 may comprise metal pillars or posts
such as Cu pillars and the like for forming soldered or
bonded electrical connections with the substrate 12. The SiP
device 10 may further comprise an underfill material 28 that
is arranged to fill spaces and gaps between the substrate 12
and the controller 16 and the amplifiers 14. In this manner,
the underfill material 28 is arranged to fill spaces around the
electrical connectors 26-1, 26-2. In certain embodiments, the
underfill material 28 is an electrically insulating adhesive
that helps maintain the integrity of the electrical connectors
26-1, 26-2. The thermal interface material 20 may be
arranged between the heat spreader 18 and each of the
controller 16 and the amplifiers 14 to improve thermal
coupling. In order to provide low thermal resistance, the
thermal interface material 20 should be as thin as possible
while still filling spaces between the heat spreader 18 and the
controller 16 and amplifiers 14. As illustrated, the recess 18"
of the heat spreader 18 corresponds to the component that
has the greatest height or thickness above the substrate 12,
which is the controller 16 in this example. By forming the
recess 18" in such a manner, portions of the heat spreader 18
are able to be arranged closer to the devices with smaller
heights above the substrate 12, which are the amplifiers 14
in this example. Accordingly, the amount of thermal inter-
face material 20 required to thermally couple the amplifiers
14 to the heat spreader 18 may be reduced, thereby decreas-
ing thermal resistance in these areas. While only the con-
troller 16 is illustrated with a different height in FIG. 2, the
concepts disclosed herein are applicable to embodiments
where any number devices with differing heights are
mounted within a common package and a heat spreader is
formed with corresponding recesses having differing depths.
After arranging the heat spreader 18 over the substrate 12,
the overmold 22 may then be formed or molded around
lateral edges of the heat spreader 18, over portions of the
substrate 12, and between the controller 16 and the ampli-
fiers 14. The overmold 22 may be injected into a mold cavity
over the substrate 12 and around the heat spreader 18 and
subsequently cured. In certain embodiments, the heat
spreader 18 and the overmold 22 may be coplanar with one
another along a top surface 10" of the SiP device 10 such that
portions of the heat spreader 18 are exposed at the top
surface 10' of the SiP device 10.

As disclosed herein, methods for assembling or manufac-
turing the SiP package 10 may include providing the sub-
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strate 12, mounting a plurality of electronic devices (e.g., the
controller 16 and the amplifiers 14 in FIG. 2) on the first face
12' of the substrate 12, depositing the thermal interface
material 20 over the electronic devices, pressing the heat
spreader 18 against the thermal interface material 20 to
compress the thermal interface material 20 against the
electronic devices, and curing the thermal interface material
20 while the heat spreader 18 is pressed against the thermal
interface material 20. By curing the thermal interface mate-
rial 20 while it is compressed by the heat spreader 18,
uniformity of spacing between the heat spreader 18 and the
various electronic devices (e.g., the controller 16 and the
amplifiers 14) may be improved.

FIG. 3A and FIG. 3B are perspective view illustrations of
a fixture 30 or tool for compressing and curing a thermal
interface material according to embodiments disclosed
herein. The fixture 30 comprises a first plate 32 on which the
substrate 12 is placed. In FIG. 3A, the substrate 12 is formed
of a larger piece of substrate material for simultaneously
assembling a plurality of the SiP devices (10 of FIG. 1A).
Additionally, a plurality of the heat spreaders 18 are formed
as part of a lead frame such that the tabs 18' are connected
between adjacent heat spreaders 18. As illustrated, the lead
frame of heat spreaders 18 is placed on the substrate 12 such
that a location for each individual heat spreader 18 corre-
sponds with a location where an individual SiP device 10
will be formed. In this regard, each individual heat spreader
18 in FIG. 3A covers a portion of the substrate 12 that
includes the thermal interface material 20, the controller 16,
and the amplifiers 14 as illustrated in FIG. 2. In FIG. 3B, a
second plate 34 is positioned on the first plate 32 to press the
lead frame of heat spreaders 18 against the underlying
thermal interface material (20 in FIG. 2). In this regard, the
second plate 34 is configured to apply an even force across
all heat spreaders 18 of the lead frame to provide a uniform
height or spacing of the heat spreaders 18 relative to the
substrate 12. While the second plate 34 is held in place, the
underlying thermal interface material (20 in FIG. 2) is cured
to secure the uniform heights between the heat spreaders 18
and the substrate 12. After curing, the substrate 12 may be
removed from the fixture 30 for further manufacturing steps.

FIG. 3C is a top view of the substrate 12 after removal
from the fixture 30 of FIG. 3B. As illustrated, the overmold
22 may be applied and cured around lateral edges of the heat
spreaders 18 and across the substrate 12 to form an array of
the SiP devices 10. In order to show the location of the
controller 16 and amplifiers 14 for each SiP device 10,
several of the SiP devices 10 are illustrated at the bottom left
of the substrate 12 without a corresponding heat spreader 18
and overmold 22. After forming the overmold 22, the
substrate 12 may then be singulated to separate the SiP
devices 10 from one another. Singulation may be performed
by a sawing process that passes in columns and rows
between the SiP devices 10. The tabs 18' as illustrated in
FIG. 3A may be broken or severed by the singulation
process or by a different step that precedes singulation. By
simultaneously assembling multiple SiP devices 10 in this
manner, the SiP devices 10 may accordingly be provided
with flat, consistent and uniform dimensions relative to one
another for the next level system assembly.

FIG. 4 is a top view of a layout arrangement for the
controller 16 and the plurality of amplifiers 14 for the SiP
device 10 of FIG. 1A. In FIG. 4, the controller 16 is
positioned at a center of the substrate 12 and the plurality of
amplifiers 14 are arranged around lateral edges of the
controller 16 on the substrate 12 in a windmill or wagon
wheel configuration. In this manner, each of the amplifiers
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14 may be positioned as close as possible to the controller
16 and to other adjacent amplifiers 14 for higher frequency
applications, such as millimeter wave. In particular, a first
gap G1 may be formed between adjacent amplifiers 14 and
a second gap G2 may be formed between the controller 16
and one or more of the amplifiers 14. In certain embodi-
ments, an additional controller 36, such as an integrated
circuit configured to control one or more of the amplifiers
14, may also be arranged on the substrate 12 such that a third
gap G3 is formed between the additional controller 36 and
one or more of the amplifiers 14. In certain embodiments,
the gaps G1, G2, G3, may all be formed in a range including
0 microns (um) to 500 pm. Such small spacing may provide
a package that is suitably sized for high frequency operation.
As such, distances of electrical traces 38 between the
controller 16 and the amplifiers 14 are reduced, thereby
providing decreased signal losses associated with traces.
Additionally, a single step process may be provided for
flowing the underfill material (28 of FIG. 2) underneath the
controllers 16, 36 and the amplifiers 14, thereby reducing
manufacturing costs. In certain embodiments, one or more
of the electronic devices (e.g., the controllers 16, 36 and the
amplifiers 14) may be formed with a non-square or non-
rectangular shape to accommodate the layout of multiple
electronic devices within the SiP device 10. Irregular shapes,
such as non-square or non-rectangular, for electronic devices
may be formed by laser dicing techniques. By way of
example, the additional controller 36 is illustrated with an
irregular shape in order fit between two of the amplifiers 14
along a bottom right corner of the SiP device 10. For
operation with an external antenna array (not shown),
antenna feed ports 40 are arranged on the substrate 12 for
providing connections between each amplifier 14 and a
corresponding antenna of the external antenna array. For
high frequency applications, the small size of the SiP device
10 provides the antenna feed ports 40 with spacings suitable
for coupling with narrow-spaced antennas of the external
antenna array.

FIG. 5A is a topside view of an active antenna system 42
according to embodiment disclosed herein. The active
antenna system 42 includes a plurality of antennas 44
arranged on a first face 46' of an antenna board 46. In certain
embodiments, the plurality of antennas 44 forms a phased-
array antenna with a lattice spacing between adjacent anten-
nas 44 that is configured for high frequency operation, such
as millimeter wave operation. Several antenna modules 48
may be arranged together on the antenna board 46 to form
a larger antenna array. In certain embodiments, each antenna
module 48 may form a patch antenna array. The antenna
board 46 may comprise a laminate structure such as a printed
circuit board and the like. FIG. 5B is a backside view of the
active antenna system 42 of FIG. 5A. As illustrated, a
plurality of the SiP devices 10 as previously described may
be mounted on a second face 46" of the antenna board 46,
wherein the second face 46" opposes or is opposite the first
face 46' of FIG. 5A. In this regard, each of the SiP devices
10 may be electrically coupled with one or more antennas 44
by electrical paths that extend through the antenna board 46.
As such, electrical paths between SiP devices 10 and cor-
responding antennas 44 are shorter for reduced losses and
the overall size of the active antenna system 42 can be
reduced for millimeter wave operation. In this configuration,
the heat spreader 18 for each of the SiP devices 10 is
accordingly positioned to draw or dissipate heat away from
the second face 46" of the antenna board 46.

FIG. 6 A is a perspective view of an antenna fixture 50 that
includes the active antenna system 42 of FIG. 5A. The
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antenna board 46 may be mechanically attached or mounted
to a housing 52 of the antenna fixture 50 by bolts, screws, or
the like. As illustrated, the first face 46' of the antenna board
46 is arranged to face away from the housing 52 to position
the plurality of antennas 44 for signal transmissions and/or
receptions. In this manner, the second face (46" of FIG. 5B)
of the antenna board 46 is arranged between the first face 46'
and the housing 52, thereby positioning the heat spreader 18
of each SiP device 10 of FIG. 5B closer to the housing 52
than the antenna board 46. In certain embodiments, the
housing 52 comprises a highly thermally conductive mate-
rial. The housing 52 may also comprise a thermal pad
material arranged to improve thermal coupling between the
housing 52 and the active antenna system 42. In certain
applications, the housing 52 may form a heat sink that is
attached or coupled to another fixture housing. The housing
52 may further form one or more heat dissipation features
52', such as heat sink fins and the like for further thermal
management of the antenna board 46.

FIG. 6B is a partial cross-sectional illustration represent-
ing a mounting arrangement of the SiP device 10 on the
antenna fixture 50 that is similar to FIG. 6A. As illustrated,
the antenna board 46 is mounted to the housing 52 such that
the second face 46" of the antenna board 46 is between the
housing 52 and the first face 46' of the antenna board. In this
manner, the heat spreader 18 of the SiP device 10 may be
thermally coupled to the housing 52. In certain embodi-
ments, the heat spreader 18 may be thermally coupled to the
housing 52 by way of an additional thermal interface mate-
rial 54 that is arranged between the heat spreader 18 and the
housing 52. The additional thermal interface material 54
may comprise a similar or the same material as the thermal
interface material 20 in certain embodiments. In such a
configuration, the SiP device 10 may be sandwiched
between the antenna board 46 and the housing 52. For
millimeter wave applications, the SiP device 10 is formed
with a small height or thickness (e.g., 1 mm as described for
FIG. 1C), thereby allowing the SiP device 10 to fit in the
space between the antenna board 46 and the housing 52 with
alow profile. Accordingly, the SiP device 10 may be coupled
to an array of antennas (44 of FIG. 5A) provided on the first
face 46' of the antenna board 46 while a thermal path 56 is
provided from the controller 16 and the amplifiers 14 in a
direction away the antenna board 46 and toward the housing
52. As further illustrated in FIG. 6B, the grid array of solder
balls 24 of the SiP device 10 may be mounted on one or more
corresponding vias 58 that are provided through the antenna
board 46 to form feed lines for antennas (44 of FIG. 5A) that
have short and direct paths through the antenna board 46,
thereby reducing feed losses associated with longer feed
lines.

FIG. 7A a top view of an active antenna system 60 that
includes an alternative mounting arrangement for the SiP
devices 10 compared with the active antenna system 42 of
FIGS. 5A and 5B. The active antenna system 60 includes the
plurality of antennas 44 arranged in an array on the first face
46' of the antenna board 46 as described for FIG. SA. An
antenna lattice spacing L. is defined as a pitch between center
points of adjacent antennas 44 and typically corresponds to
apredetermined operating frequency. In certain phased array
applications, the antenna lattice spacing L. may be set equal
to a value of one half a wavelength (A/2) of a target operating
frequency. For millimeter wave applications, the antenna
lattice spacing L becomes notably small. By way of
example, for a 30 GHz operating frequency, the A/2 value
sets the lattice spacing L. at 5 mm. The SiP devices 10 are
arranged on the second face (46" of FIG. 7B) and are
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electrically coupled to at least one antenna 44 in certain
embodiments, or at least two or more antennas 44 in further
embodiments. For illustrative purposes, the antenna board
46 is drawn as partially transparent to show the position of
the SiP devices 10 relative to the antennas 44. In certain,
each SiP device 10 is registered with one or more of the
antennas 44 through the antenna board 46 such that feed
lines between the SiP devices 10 and the antennas 44 are
configured as short as possible. By way of example, FIG. 7A
illustrates an embodiment where each SiP device 10 is
registered with four of the antennas 44.

FIG. 7B is a bottom view of the active antenna system 60
of FIG. 7A. Each SiP device 10 includes the controller 16
and the plurality of amplifiers 14 as previously described.
For illustrative purposes, the heat spreader 18 and the
overmold 22 for each SiP device 10 are not shown, but
would be present in practice as illustrated in FIG. 1C.
Notably, each SiP device 10 is mounted on the second face
46" in an orientation that is rotated 45 degrees from the
antennas 44 on the first face 46'. In certain embodiments,
each SiP device 10 may be oriented with a rotation in any
amount such that all lateral edges of each SiP device 10 are
misaligned or nonparallel with all lateral edges of one or
more of the antenna board 46 and the antennas 44. This
allows a pair of the amplifiers 14 to be electrically coupled
to each antenna 44 with short feed lines that extends through
the antenna board 46. For millimeter wave operation, dimen-
sions of the SiP devices 10 are small to correspond with
small values for the antenna lattice spacing (L. of FIG. 7A).
For the example illustrated in FIG. 7B where each SiP
device 10 is electrically coupled with four antennas 44, the
width 10W of each SiP device 10 may be set with a value
that positions the antenna feed ports 40 at or close to the
center of each antenna 44. In this manner the width 10W
may correspond to the distance from a center point of
diagonally-spaced antennas 44. For the 30 GHz example
described for FIG. 7A that sets the lattice spacing [ at 5 mm
for adjacent antennas 44, a distance from the center point of
diagonal antennas 44, or the target width 10W for the SiP
device 10, would be the square root of the sum of 5% plus 5°.
As such, the width 10W for each SiP device 10 may be set
at 7.1 mm for 30 GHz operation.

In certain embodiments, any of the foregoing aspects,
and/or various separate aspects and features as described
herein, may be combined for additional advantage. Any of
the various features and elements as disclosed herein may be
combined with one or more other disclosed features and
elements unless indicated to the contrary herein.

Those skilled in the art will recognize improvements and
modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein
and the claims that follow.

What is claimed is:

1. A system-in-package (SiP) device comprising:

a substrate comprising a first face and a second face that

opposes the first face;

a controller comprising a beamformer integrated circuit,

the controller mounted on the first face of the substrate;

a plurality of amplifiers mounted on the first face of the

substrate and electrically coupled to the controller;

a heat spreader arranged over the controller and the

plurality of amplifiers; and

an overmold that is on the substrate and on lateral edges

of the heat spreader, wherein the heat spreader and the
overmold are coplanar along a top surface of the SiP
device.
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2. The SiP device of claim 1, wherein the heat spreader
forms a continuous piece of material that covers the con-
troller and the plurality of amplifiers.

3. The SiP device of claim 1, wherein the heat spreader
comprises one or more of copper, silicon carbide, or alumi-
num.

4. The SiP device of claim 1, further comprising a thermal
interface material that is arranged between the heat spreader
and one or more of the controller and the plurality of
amplifiers.

5. The SiP device of claim 1, wherein at least a portion of
the heat spreader is uncovered by the overmold.

6. The SiP device of claim 1, wherein the heat spreader
forms a recess within the heat spreader and the recess is
registered with the controller.

7. The SiP device of claim 1, wherein the beamformer
integrated circuit comprises a silicon-based complementary
metal-oxide-semiconductor (CMOS) device and the plural-
ity of amplifiers comprises gallium arsenide (GaAs) based
devices.

8. The SiP device of claim 1, wherein the beamformer
integrated circuit comprises a hybrid beamformer device.

9. The SiP device of claim 1, wherein a length and width
of the SiP device are sized less than a wavelength of a 40
GHz signal.

10. The SiP device of claim 1, wherein a gap formed
between the controller and each amplifier of the plurality of
amplifiers on the substrate is no more than 500 microns.

11. An active antenna system comprising:

an antenna board comprising a first face and a second face

that opposes the first face;

a plurality of antennas on the first face of the antenna

board; and

a plurality of system-in-package (SiP) devices on the

second face of the antenna board, wherein each SiP
device of the plurality of SiP devices comprises a
beamformer integrated circuit, a plurality of amplifiers,
a heat spreader, and an overmold that is on lateral edges
of the heat spreader such that a surface of the heat
spreader is coplanar with a surface of the overmold, and
wherein each SiP device of the plurality SiP devices is
electrically coupled with one or more antennas of the
plurality of antennas.

12. The active antenna system of claim 11, wherein each
SiP device of the plurality of SiP devices is electrically
coupled with the one or more antennas of the plurality of
antennas by feed lines that extend through the antenna
board.
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13. The active antenna system of claim 11, wherein each
SiP device of the plurality of SiP devices is electrically
coupled with at least two antennas of the plurality of
antennas.

14. The active antenna system of claim 11, wherein all
lateral edges of at least one SiP device of the plurality of SiP
devices are nonparallel with all lateral edges of the antenna
board.

15. The active antenna system of claim 11, further com-
prising a housing wherein the antenna board is mounted to
the housing such that the heat spreader of each SiP device is
arranged closer to the housing than the antenna board.

16. The SiP device of claim 11, wherein the beamformer
integrated circuit comprises a silicon-based complementary
metal-oxide-semiconductor (CMOS) device and the plural-
ity of amplifiers comprises gallium arsenide (GaAs) based
devices.

17. A method comprising:

providing a substrate comprising a first face and a second

face that opposes the first face;

mounting a plurality of electronic devices on the first face

of the substrate;

depositing a thermal interface material over the plurality

of electronic devices;

pressing a heat spreader against the thermal interface

material to compress the thermal interface material
against the plurality of electronic devices;

curing the thermal interface material while the heat

spreader is pressed against the thermal interface mate-
rial; and

applying and curing an overmold on the substrate and on

lateral edges of the heat spreader such that the heat
spreader and the overmold are coplanar along a top
surface of the overmold.

18. The method of claim 17, wherein the plurality of
electronic devices comprise a beamformer integrated circuit
and a plurality of amplifiers.

19. The method of claim 17, further comprising etching at
least one recess in the heat spreader wherein pressing the
heat spreader against the thermal interface material com-
prises registering the recess with at least one electronic
device of the plurality of electronic devices.

20. The method of claim 17, wherein a portion of the heat
spreader is exposed through the overmold.

21. The method of claim 20, wherein the heat spreader is
part of a lead frame that includes a plurality of heat spreaders
and the overmold is applied and cured around the plurality
of heat spreaders.



